In order to leverage the concept of integrated computational materials engineering (ICME) for manufacturing of highperformance automotive transmission components such as steel gears, it is important to bring a closer collaboration between geometrical design, material selection, and manufacturing design stages for these components. This can be achieved by making the manufacturers aware of the implications of the decisions taken during each of these stages on material and its underlying microstructure. In order to facilitate this, it is necessary to model the evolution of the microstructure in the process-chain and its resultant properties. With this view, the current work focusses on development of an integrated modeling scheme of carburizing, quenching, and tempering processes using chemical composition-dependent, microstructure-based models intended to be used in an ICME framework for steel gear manufacturing. The individual process models are implemented in the commercial FEM suite ABAQUS™, with essential microstructure physics incorporated via user-subroutines. The individual process-models and their sequential integration are validated against experimental case-studies from literature. After validation, the integrated modeling scheme is automated by writing appropriate pre-processing and post-processing wrapper scripts, leading to the development of an independent manufacturing module that can be used in an ICME workflow. Finally, the utility of this module is demonstrated by using it for the exploration of the manufacturing process design and material selection scenarios for the production of a typical spur gear.
Introduction
Increasing the service life of components such as automotive gears, or enhancing their performance, is always an aspect of interest and concern for the industry. This requires careful synthesis of the geometrical design of the component, material selection and its manufacturing process with a close interaction among the three stages. In the traditional design and development approach, however, consideration of these interactions is weak. For example, in the traditional approach, the decisions during the geometric designing of the component as well as during process design are taken based on limited descriptors of material and its underlying microstructure. Because of this, there is always a tendency of overdesigning the component and processes in order to achieve the desired performance. This limitation leads to a higher production cost. An integrated approach of product development which enables tighter coupling between geometrical design, material selection, and manufacturing through detailed description of material and its microstructure available at each of these stages is necessary to address this issue. Within the manufacturing process design stage, in order to facilitate the detailed description of the underlying microstructure and its evolution, it is, thus, also important to consider the combined effect of the complete process chain in a through process framework. Integrated computational materials engineering (ICME) is such an approach of designing the products, materials, and manufacturing processes through linking processes and performance material models at various length scales along with the design models by taking advantage of the mathematical modeling and simulation techniques.
A typical gear's service conditions require a combination of diverse properties in the material such as high surface hardness, wear resistance, impact strength, and toughness. From a material selection and manufacturing point of view, carburizingquenching-tempering (hereafter referred as C-Q-T) is one of the widely used process chains in industry that imparts these properties to steel. C-Q-T processes involve various metallurgical phenomena occurring at different length scales that result in the desired microstructure of the steel, thereby endowing it with the required properties. Therefore, in order to develop economical high-performance gears, it becomes necessary to model and design the C-Q-T process chain in an integrated fashion along with other design processes.
In the past, many attempts have been made to model C-Q-T processes individually and also in integration to each other for different application scenarios. The majority of these works have made use of empirical or semi-empirical models for microstructure physics in a FDM or FEM modeling framework. Carburizing has been modeled by solving Fick's laws for carbon diffusion under various process conditions either as 1-D idealization [1] [2] [3] or taking the exact geometry of the component into account [4, 5] . A large number of studies have also been conducted to model the diffusional phase transformation in steel parts during quenching or cooling from austenitization temperatures using Johnson-Mehl-Avrami-Kolmogorov (JMAK) [6] type equations and relating it to distortion and residual stress generation using 2D and 3D FEM simulations [7] [8] [9] [10] . Conversely, many researchers have also employed other semi-empirical phase transformation models [11, 12] to model phase transformation during cooling. Tempering, apart from precipitation of carbides in a super-saturated martensite, also involves other parallel and overlapping microstructural changes taking place depending upon the temperature of tempering [13] . A number of attempts have been made to model the tempering process specific to the steel composition and to the temperature regime of interest. Most of these attempts involve physically based modeling of tempering either in terms of evolution of carbide precipitates [14, 15] or tempered martensite [16, 17] with time, while others have used indirect methods of modeling tempering in terms of its effect on material properties such as hardness [18] [19] [20] . Apart from modeling these processes individually, a few attempts have also been made to model these processes in sequence as a process chain for different applications. Most of these attempts have been targeted on the integration of carburizing and quenching simulations in the FEM-based thermo-mechanical modeling framework [21] [22] [23] [24] [25] and a relatively few similar studies have been done for the integration of quenching and tempering simulations [15, [26] [27] [28] . Also, most of these modeling activities cater to a particular grade of steel to which the parameters of the individual models are tuned, thereby failing to give any form of guidance in terms of the chemical composition of the steel required for a specific property. To our knowledge, no attempt has been made to model the combined effect of the C-Q-T processes in integration with each other, in an ICME framework, applicable for a large variety of steels, so as to enable better material and manufacturing process parameter selection for better gear designs. With this view, the present work focusses on the development of thermo-metallurgical through process models of the C-Q-T process chain for an ICME framework. In order to realize this, microstructure-based, chemical composition-dependent models of C-Q-T processes are implemented and integrated on a commercial FEM suite ABAQUS TM with the aid of user-subroutines, to predict final microstructure and hardness distribution. The process models are validated against three validation problems. Finally, an automated scheme is established to integrate these process models in a sequential order, leading to the development of a standalone module that takes gear geometry, chemical composition, and process parameters as inputs and gives key material and design outputs. The module is intended to be used in establishing an ICME workflow for automotive gears. In order to demonstrate the application of such a module, case studies for manufacturing process design and material selection for a typical automotive gear are carried out.
Mathematical Modeling of the Process Chain
Modeling Microstructure and Property Evolution Figure 1 describes some of the important microstructural phenomena involved at each of the stages of processes in a typical C-Q-T process chain. These phenomena can be modeled with the help of appropriate mathematical models. This section details the mathematical models used in the present work to capture microstructural physics of the processes as modeled in this work.
Austenitization During Heating
Austenitization kinetics during initial heating are not modeled in this work and it is assumed that austenitization gets completed on reaching AE3 temperature. AE3 is calculated using the following expression that takes into account the chemical composition of the steel [29] :
where the amount of each alloying element is expressed in weight percent (wt%). This equation was chosen as it incorporates the effect of large number of alloying elements on AE3 predicition.
Grain Growth During Carburizing
The grain growth in the steel during carburizing is modeled with the help of chemical composition-dependent power law expression, given in Eq. 2, developed by Lee et al. [30] for low alloyed steels:
where D is the austenite grain diameter in μm, t is the time in seconds, K o is pre-exponential constant with a value of 76,671, n is the time exponent and has the value of 0.211, R is the gas constant in J/mol. K, T is the temperature in°C and Q is the activation energy for grain growth in J/mol, given in terms of chemical composition as:
where the amount of each alloying element is expressed in wt%. Equation 2 gives a grain size evolution under isothermal condition. Therefore, in order to use it for the non-isothermal conditions of industrial practices such as heating and holding, we need to convert this equation in differential form, expressed as:
Carbon Diffusion During Carburizing
The flux of carbon atoms from the carbon-rich atmosphere to the surface of steel specimen is modeled by the equation:
where C p is the carbon potential of the atmosphere, C s is the carbon concentration at the steel surface at any point of time and β is the mass transfer coefficient. The typical values of β are reported to lie in between 2 × 10 −5 and 2 × 10 −4 cm/s for a temperature regime of 800 − 1000°C [31] . Carbon diffusion inside the bulk of the steel is described by Fick's first law given by:
where J is the flux of the carbon atoms, D is the diffusivity of the steel, and C is the carbon concentration at any point in the steel. Under transient state, the rate of carbon concentration build-up at any point inside the steel specimen is described by Fick's second law:
Assuming no soot formation at the steel surface, we can define the boundary condition as a mass balance at the steel surface given by:
Diffusivity (m 2 /s) is calculated using the temperature (T) and carbon % (C)-dependent empirical expression given by Tibbets [32] , which is modified to incorporate the effect of alloying elements, as suggested by Neuman and Person [33] :
where R is the gas constant in cal/mol.K, T is in°C and q is given as: 
where the amount of each alloying element is expressed in wt. %.
Phase Transformation During Quenching
Quenching from the austenitizing temperature results in the decomposition of austenite to give diffusional as well as nondiffusional (martensitic) phase transformation products depending upon the cooling rate experienced by the quenched part. Diffusional phase transformations during quenching are modeled using a semi-empirical model given by Li et al. [12] . This model expresses the basic kinetic equation for the rate of formation of each diffusional phase transformation product in the form: where dX dt is the rate of formation of any product phase,
is a function dependent on temperature (T), and f 4 (X) is a function of already formed normalized fraction (X) of the product phase (the actual or true phase fraction, denoted as X 0 , of a product phase at a temperature is normalized with respect to the maximum amount of it that can form at that temperature). The actual expressions of these functions for each transformation product (ferrite, pearlite, and bainite), and the methodology of implementation of these kinds of models are present in the literature [12, 34] and hence shall not be reproduced here.
Below M S (martensite-start) temperature, all the diffusive transformations stop and only the martensitic (nondiffusional) transformation takes place. The martensitic transformation is modeled using the Koistinen-Marbuger Eq. [35] given as:
where X 0 m is the true fraction of martensite that will form at temperature T, and X 0 a−Ms is the austenite true fraction retained at M S temperature.
The phase evolution equation for a particular phase is applicable for temperatures lower than its transformation start temperatures. Chemical composition-dependent empirical equations, reported in the literature, are used for the upper critical temperature (AE3) [29] , eutectoid temperature (AE1) [29] and bainite-start temperature (B S ) [12] . Martensite-start temperature (M S ) used in this study is given in Eq. (13)
where the amount of each alloying element is expressed in wt% and C F is the correction factor in the original StevenHaynes equation [36] of Ms temperature, as suggested by Geoffrey Parrish [37] for high carbon percentage (i.e. for carburized steels). Based on the values of the correction suggested, the expression for C F was formulated as follows: Figure 2 shows the comparison of C F , calculated from Eq. (14), with the values suggested in the literature [37] .
Hardness After Quenching
Phase fractions calculated at the end of quenching simulation are used to calculate as-quenched hardness using the following chemical composition-dependent expressions of individual phase hardness values, given by Maynier et al. [38] :
where HV a − f − p , HV b , and HV m are the vickers hardness values of austenite-ferrite-pearlite mixture, bainite, and martensite, respectively, and V r is the cooling rate at 700°C in°C/ hr. Equations (15) to (17) can be used to find the total asquenched hardness at a material point (HV) with the help of individual phase fractions, using law of mixture as follows:
, and X 0 m are the true fractions of austenite, ferrite, pearlite, bainite, and martensite, respectively.
Hardness After Tempering
In the present study, in order to model the effect of tempering process, an empirical approach is adopted to predict the hardness values of tempered martensite. Carburized-quenched automotive components are normally tempered in the temperature regime of 150-200°C for Fig. 2 Comparison of the calculated and suggested correction factor (C F ) in M S temperature for high carbon percentage [37] 1-2 h [39] . In this temperature-time regime, only the first stage of tempering is active and the only microstructural change that takes place is tempering of martensite to yield low carbon martensite with carbide precipitation [37] . Since o nly m artensite is affected for the said temperature-time regime of tempering, it is assumed that the rest of the phases do not change in their properties. In this indirect approach, tempering is not explicitly modeled as a physical phenomenon; however, the effect of the tempering process on as-quenched martensite hardness values is taken into account in order to predict important parameters such as total tempered hardness and case depth. As per this approach, the hardness of tempered martensite (HV T m ) at a given tempering temperature (T t ) and tempering time (t t ) is predicted from as-quenched martensite hardness (HV m ), by combining the concept of Jaffe-Holloman time temperature equivalence [40] and the experimental data for tempered-martensite hardness values for different steels and tempering temperatures [41] .
Jaffe-Holloman [40] time temperature equivalence concept states that if the microstructure mechanism of tempering remains the same, for the same tempered hardness value, the Jaffe-Holloman parameter remains constant, as follows:
where, T is any tempering temperature in°C, t is the tempering time in hours, and K is a material constant dependent on carbon content (C) as follows [40] :
Using this concept, first, an equivalent tempering temperature (T eq ) is calculated that would result in the same tempered hardness value under 1 h of tempering, as under the required T t tempering temperature (°C) for t t tempering time (hours). Thus, using Eq. (19), T eq (°C) can be calculated as follows:
Next, the tempered martensite hardness value for T eq tempering temperature and 1 h tempering time needs to be calculated. For this, we use the data reported by Grange et al. [41] , in which the hardness of martensite, tempered at different tempering temperatures for 1 h, for varying carbon steels, is given along with the as-quenched hardness. The data is used to formulate the factor f which is the ratio of tempered hardness (HV T m ) and as-quenched hardness (HV m ) values, and denotes the factor by which the hardness of the as-quenched martensite scales-down during tempering. Mathematically, the relationship between HV T m , HV m , and f is as follows:
Equation (23) gives the functional form of f obtained from the data, as follows:
where T is the tempering temperature (°C) at which we want to calculate f, and C is the carbon content of the steel (wt%). Figure 3 shows the comparison of experimental data [41] with tempered hardness values predicted using Eqs. (22) and (23) for different tempering temperatures and different C steels. Using Eq. (23), value of f is calculated at T eq temperature, which in turn is used in Eq. (22) to calculate tempered martensite hardness (HV T m ) from quenched martensite hardness (HV m ). Since it is assumed that hardness of other phases does not get affected, total tempered hardness (HV T ) can thus be calculated using a linear rule of mixture as follows:
The following steps sum up the procedure to calculate HV T : 1) Calculating equivalent temperature (T eq ) for the required tempering temperature (T t ), tempering time (t t ), and steel carbon content (C), using Eqs. (20) and (21) Fig . 3 Comparison of the experimental (discrete points) and calculated (solid lines) hardness values for martensite for different carbon (%) steels tempered for 1 h [41] 2) Calculating the factor f at T eq temperature for the steel carbon content (C) using Eq. (23) 3) Calculating the tempered martensite hardness value (HV T m ) from as-quenched martensite hardness value (HV m ) and factor f using Eq. (22) 4) Finally, calculating the total tempered hardness using Eq.
Since most of the industrial standards for hardness are expressed in the Rockwell scale, the following expression, reported in the literature [42] , was used to convert the Vickers hardness (HV) values to Rockwell scale (HRc):
Thermal Modeling
The temperature field inside the steel part during the entire process chain is modeled using Fourier's 3-D heat conduction equation, given in Eq. (26), under convective and radiative boundary conditions of heating/cooling, given in Eqs. (27) and (28), respectively:
where ρ is the density, c is the specific heat, k is the thermal conductivity, q is the rate of latent heat evolution, Ψ c and Ψ r are the heat flux due to convection and radiation, respectively, h is the heat transfer coefficient, ε is the emissivity, T m is the medium's temperature, T s is the component's surface temperature, and σ is the Stefan-Boltzmann constant. Wherever applicable, the thermo-physical properties are expressed using the rule of mixtures applied to the thermo-physical properties of the individual phases as follows:
where, P(T) represents any temperature-dependent thermophysical property (ρ, c, and k), P(T) k is the temperaturedependent thermo-physical property of any k th phase and X 0 k is its true fraction.
FEM Implementation and Integration
The individual process models of carburizing, quenching and tempering were implemented in a FEM framework on a commercial suite ABAQUS™ with the aid of different user-subroutines. Carburizing was modeled as a thermal and mass-diffusion problem. The heating cycle of the carburizing process is modeled as a thermal analysis simulation, the results from which are fed into a separate mass-diffusion analysis in a sequential fashion. Grain size evolution during heating is calculated at each integration as a state variable using a user-subroutine, taking the temperature results from FEM as input.
Carburizing boundary condition, given in Eq. (5), is modeled using the subroutine DFLUX. Quenching is modeled as a thermal analysis problem with phase transformation kinetics modeling, thermo-physical properties assignment, and hardness calculations done through user-subroutine UMATHT. The individual phase fractions and as-quenched hardness values are calculated as solution-dependent state variables. The heat transfer coefficient for the quenching media is modeled as an interaction property. The tempered hardness model is also implemented in UMATHT which uses the individual phases' asquenched hardness values and calculates the tempered hardness as a state variable for the required tempering conditions. After implementing individual models, the models are integrated as a process chain by establishing the information flow from one process model to other. This is realized with the help of ABAQUS™ python scripting which enables extraction of the key output results from one simulation which are then read as the starting state variables values for the next simulation. Figure 4 shows the sequence of the process simulations with their associated information flow.
Validation of Models
Once the individual process models are implemented and their integration is set up, they are validated against various experimental results reported in the literature. Validations were 
Validation 1 (Carburizing)
In order to validate the carburization model, the carburizing process of a gear ring of SCR420 steel, as reported by Kim et al. [4] , is modeled. Authors reported the carbon profile along the radial section of the carburized gear ring, measured using a glow discharge spectrometer. In order to validate the carburizing model, carburizing simulation was carried out using an axi-symmetric FEM model of the ring of the same dimensions and under the same carburizing cycle as reported. Figure 5a shows the ring geometry highlighting the axisymmetric section modeled for this study. Figure 5b shows the comparison of final carbon profile calculated along the radial section of gear ring and the experimental measurement. The comparison shows a very good match between the simulation and experimental results.
Validation 2 (Carburizing-Quenching)
For validating the modeling of C-Q process chain, one of the benchmark problems of gear ring of JIS-SCR420H steel, reported by Inoue et al. [23] was used. The authors have reported the experimental measurement of the Vickers hardness along the radial section of gear ring, after the carburizingquenching treatment cycle. In order to model the process chain, an axi-symmetric FEM model of the gear ring, of the reported dimensions, was used. Figure 6a shows the ring geometry highlighting the axi-symmetric section modeled for this study. The carbon distribution extracted after carburizing simulation act as input for quenching simulation for modeling phase transformations. Heat transfer coefficient for the [23] quenching medium was taken from the work of Schichino [43] . Figure 6b shows the variation of calculated quenched hardness along the depth of the ring and its comparison with the experimental measurements. The comparison shows a good agreement between the two.
Validation 3 (Carburizing-Quenching-Tempering)
The integrated C-Q-T simulation setup was tested for an experimental work as reported by Medlin et al. [44] , wherein the modified bending fatigue specimens of SAE 4320 steel are carburized at different carbon potentials (C p ), followed by quenching and tempering. The paper reports the measured surface hardness values, retained austenite percentage and the case depth obtained for each of the carbon potential after the complete heat treatment cycle. In order to model the entire heat treatment process chain, a half 2D FEM model of the section of the fatigue specimen was used. Figure 7 shows the geometry of the model used along with the dimensions (with shaded portion representing the modeled half-part). Table 1 shows the comparison of the predicted and the reported experimental values of surface hardness, retained austenite, and case depth, for the C p values of 0.85 and 1.05.
The predicted results are well in accordance with the experimental results.
Based on these validations, we can conclude that the individual process models as well as their integration capture the essential microstructural physics of the process chain well. The key predictions at the end of each individual process model are found to be matching well with their respective experimental measurements thereby suggesting the importance of integrated modeling of process chain. Since the validations involve different compositions of carburizing grade steels and process conditions, it has been found that the various material models used in this work are in general applicable for carburizing grade steels and for typical C-Q-T process conditions of gears. However, it is to be noted that these material models, taken from the literature as discussed earlier, are empirical or semi-empirical in nature and hence will have limitations of applicability ranges. The individual cited references of these models provide further details on these aspects. Although the authors have found that these models, in general, predict reasonable results for processing conditions of gear steels, yet it may need further validations and enhancements. However, since the present work focusses on establishing an ICME framework for gears, this aspect has not been investigated further.
Application for ICME Workflow for Gears
After establishing the integration of individual process models and validating the predictions of integration, all the operations of pre-processing, post-processing, and information transfer between FEM simulations were automated by a main wrapper program. This enabled the conversion of the entire integrated process chain models into a manufacturing module to be used in an ICME workflow of automotive gears production. When in contact with mating gear, a gear tooth experiences maximum contact stresses at the pitch point and maximum bending stresses at the root point. Hence, both these regions are critical and the material properties at these regions primarily govern the total service life a gear. Moreover, both the case depth and surface hardness values are important design considerations for high fatigue and pitting life of the gears. Such a module takes the gear geometry mesh, chemical composition of the steel, and process set-points as inputs and gives case depths Fig. 7 Geometry of rotating bending specimen with shaded portion denoting the modeled part used in validation 3 and hardness values as outputs for both pitch and root region. Figure 8 broadly shows the structure of the automated C-Q-T module. The module can then be used in establishing an ICME workflow as shown in Fig. 9 . In a traditional design and development approach for products, the stages of geometric design, material selection, and manufacturing have remained largely disjointed and independent of each other.
The decision made at any such stage is not fed back to review the decisions made for the other stages. The proposed ICME workflow would enable a closer collaboration between the geometric design, material selection, and manufacturing by letting the manufacturers explore each of the operation in relation to other, thereby enhancing the design space and enabling them to find the most suitable combination of the three operations [45] . In order to demonstrate the application of the C-Q-T module in enabling ICME for automotive gears, a typical case of manufacturing of automotive spur-gear is chosen as an example in this work. Following sub-sections highlight the utility of this module for design and manufacture of automotive gears.
Manufacturing Design
For demonstrating the manufacturing-process design capabilities of the module, heat treatment design of 8620 steel spurgear was considered. Figure 10 shows details of the geometry of the gear tooth and Table 2 shows the chemical composition of the 8620 steel used in this study.
As per the gear design rules, the minimum case depth requirement for a typical gear design of 4 mm module is around 0.6-0.7 mm [39, 46] , surface hardness requirement is around 58-62 HRc [46] , and core hardness requirement is 32-48 HRc [39] . Various heat treatment cycles with different combinations of process parameters were simulated for the gear tooth in order to achieve the desired hardness and case depth requirements. Figure 11 shows the schematic of the heat treatment cycle considered in this work along with the various process parameters used in this study. In order to reduce the process design space, few process parameters are set as fixed values, as mentioned in Fig. 11 caption.
Consider four such C-Q-T heat treatment cycle schedules HT1, HT2, HT3, and HT4, the process set-points of which are mentioned in Table 3 . Figure 12 shows the result of the final carbon, phase fractions, and tempered hardness profile obtained for these four C-Q-T cycles in the pitch region. The carbon profile in each case governs the final phase fraction obtained at the end of quenching, which along with tempering process conditions govern the final tempered hardness profile. The phase fraction profile predominantly show martensite and austenite phase formation near the pitch surface region. This is because the high amount of carbon at the surface leads to austenite stabilization that resulted in retained austenite after quenching along with martensite.
On comparison, it can be seen that relatively less carburizing time for HT1 schedule results in low carbon diffusion and hence low tempered hardness. As a result, HT1 does not meet the case depth and hardness requirement. In order to achieve the required specifications, the carburizing time is increased from 4 to 6 h (HT2). Because of this, the hardness and the case depth Fig. 8 The structure of automated C-Q-T module Fig. 9 ICME workflow for design and development of automotive gears achieved in the case of HT2 is as per the requirement. However, in industry, increasing the carburizing time will result in the increase in cycle time of the heat treatment schedule, leading to an increase in the cost and time of the production cycle. In order to tackle this, another heat treatment cycle (HT3) is tried wherein the carburizing time is still 4 h; however, the carburizing temperature is increased from 900 to 950°C. Increasing the carburizing temperature leads to an increased diffusivity of the carbon, thereby enabling a higher case depth at the same cycle time. Although HT3 can be the required heat treatment cycle, increasing the carburizing temperature can lead to various other problems such as increased production cost due to higher furnace operating temperatures, higher distortion during quenching, excessive grain growth, etc. Thus as an alternative, HT4, schedule is tried with a lower diffusion temperature of 850°C. It can be seen that decreasing the diffusion temperature does not lead to a significant effect on case depth and thus the requirements are still met. Figure 13 shows the contour plot of the final carbon, martensite fraction and tempered hardness distribution in the gear tooth for HT4 schedule. Table 4 summarizes the comparison of the final results obtained from C-Q-T manufacturing module for these schedules. It can further be seen from Table 4 that for the same heat treatment schedule, the case depth for the root is always lower than the case depth at pitch. This is because of the effect of the curvature at the root region which leads to lower carbon diffusion and hence lower hardness. This has also been experimentally observed and reported [39, 47] .
Since carburizing process set-points effect the final properties of the gear after quenching and tempering, this study shows that an integrated modeling approach is thus necessary to capture the effect of all the processing conditions on the final microstructure and properties of the gear. This necessity is also strengthened by the fact that few heat treatment cycles, even though having different process set-points, met the required specifications. Since we have modeled the process chain in an integrated fashion, we are able to explore the design space of process set-points in relation to each other and arrive at required properties even with different process parameters. To demonstrate it further, Table 5 shows the predictions of some of the other heat treatment cycle schedules that resulted in the required properties. Thus, it can be concluded that such an integrated modeling approach not only helps designers to capture the effect of the processing history on the properties thereby making the predictions more accurate, but also enables them to explore vast manufacturing design space to choose the most suitable processing conditions that yields the desired properties under the plant constraints.
Material Selection and Design
Since all the material models are chemical composition based, thus apart from manufacturing process design, such a Fig. 10 Details of the single gear tooth geometry used in this study Table 2 Chemical composition of 8620 steel used in this study Fig. 11 Schematic of the heat treatment cycle used in this study highlighting the process parameters. T C = carburizing temperature, T D = diffusion temperature, T T = tempering temperature (170°C), T Q = quenching temperature (60°C), T A = ambient temperature (25°C), C p = carbon potential, t C = carburizing time, t D = diffusion time, t T = tempering time methodology can also enable material selection for the required gear geometry and heat treatment. In order to demonstrate this, the HT4 heat treatment cycle for two other typical gear steels viz. 4130 and 4320 were simulated and compared with 8620 steel. 4130 is a high chromium alternative of 8620 steel and 4320 is a high nickel alternative. The composition of these two steels is shown in Table 6 . Table 7 shows the comparison of case depth and hardness values predicted for the three steels. It can be seen that selection of 4130 steels results in lesser case depth but higher surface hardness values for the gear. Such a gear will have a higher wear resistance due to higher surface hardness. This prediction is very well in accordance with the findings of Lyakhovich et al. [48] who studied the effect of chromium content on the carburized steels and found the case depth to decrease and wear resistance to increase with increase in chromium content. On the other hand, 4320 steel has slightly lower surface hardness but higher case depth and core hardness as compared to 8620 steel.
It can be seen that for the same heat treatment and gear geometry, different steel selections can lead to different properties. Moreover, it can also be seen that for the same design and process selection, there can be more than one material that can result in the required properties (for e.g., 8620 and 4320 steel in the above study). In such a case, the decision for material selection can be made on other industrial constrains such as cost or other properties' requirement. Thus, such a composition-dependent integrated modeling approach not only helps in finding the material composition that results in required properties, but also helps in exploring various composition systems that can meet the property specification thereby, enabling the designer to choose the most suitable material for the application.
Finally, this module can also be helpful in the geometrical design of the gears. A typical example would be deciding the face width of the gear. For automotive manufacturers, size and weight of the components is always a constraint and reducing the face-width of the gear can contribute to size and weight Table 3 Process parameters of four heat treatment cycles analyzed reduction. As per the AGMA strength and stress equations [49] , optimizing the surface and core hardness of the gear with the help of the C-Q-T module can lead to an increase in the allowable stresses for both bending and contact, thereby providing the opportunity to reduce the face-width of the gear for the same load bearing capacity. 
Summary and Conclusion
In this paper, an integrated approach of modeling carburizing, quenching, and tempering processes by capturing the essential material physics in each process, enabled by flow of appropriate information from one simulation to another, has been established. After validating the material models and the integrated setup for various validation problems, the approach is automated and is used as a module for establishing the ICME approach for production of automotive gears. The applicability of the module is demonstrated by addressing the typical scenarios of the manufacturing design, material selection stages in the design and development cycle of automotive gear. These demonstrations bring out the necessity and the importance of modeling the entire process chain in an integrated fashion, and its importance in establishing the ICME approach that can enable a closer collaboration between geometrical, material, and manufacturing design stages. The ability to accurately predict the effect of change in any of the process chain parameters on the final properties of the product opens up enormous opportunities for the product designer to tailor the microstructure and the final properties of the product in a more optimized and an efficient manner. Moreover, such an approach also provides the window to enable the inverse design of the manufacturing route for the desired gear properties [50] . Although the current work focusses on gear manufacturing, the integrated methodology developed in this work can as well be used for other components such as shafts, pinions, and bearings. As a further work, the methodology is currently being extended to include the prediction of residual stress and distortion and its subsequent effect on the performance of gears under fatigue loading. The integrated methodology and module developed in this paper is intended to become the integral part of an ICME platform for designing and manufacturing of finished and semi-finished components [51] . 
